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ARTICLE INFO ABSTRACT 

Keywordsp: The production of cement results in the emission of much carbon dioxide, which contributes to ~ 
Red pmud pundesirable environmental impacts such as climate change and global warming. These 
Slag Pphenomena Phave rekindled interest in utilizing a variety of industrial waste products to 


Geopolymers, mechanical, durability, and 
microstructure properties 
Life cycle assessment? 


Pproduce geopolymer ??(GP) composites and alkali-activated (AA) binders in order to reduce the 
Pusage of ordinary PPortland cement in building construction. Waste red mud (RM), also known 
as bauxite residue, is one of these phazardous radioactive waste materials that is formed as a by- 
product of Bayer’s aluminum Pmanufacturing process. This Ppaper conducts a systematic review 
of the literature on the use of PRM and slag in the production pof red mud-slag geopolymer (RM- 
SGP). An overview of the Peconomic and environmental pimpacts, physical and chemical prop- 
erties, production, Pdistribution, classification, and potential applications pof RM are presented. 
PBesides, recent advancements in the usage of RM and slag for geopolymer Pproduction are 
Pdescribed in terms of physical, mechanical, durability, and microstructure P properties. More- 
over, this Pstudy attempts to chart a route toward a realistic valorization that preflects both real 
and perceived Pconcerns, such as radioactivity, leaching, and the life cycle Passessment of red 
mud geopolymer (RM-GP). The potential puse of RM-SGP production indicates the need for 
further studies into pthe mixture proportion pand combination of these two raw ingredients with 
other cementitious materials Pleading to new fenergy-saving and affordable building products 
and processes. Also, it is Precommended that Presearch efforts be directed ptoward economic, life 
cycle, and environmental assessments.” 


Radioactive 
Economic and environmental impacts 


1. Introduction 


Waste reduction in industrial and mining sectors has been an environmental and climate change priority in latest years [1-3]. It is 
vital, thus, to create technological innovations for the conversion of wastes into value-added products [4-7]. AA binders/GPs are a type 
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of cementitious binder that may be synthesized from industrial wastes with an alumino-silicate component and pushed as a substitute 
for conventional cement [8-11]. These alumino-silicate minerals may originate from geological sources or industrial by-products 
containing alumino-silicates, like RM. These materials can be used alone or in conjunction with other materials. p. 

Recycling these industry items can help to reduce the complexity that may have a negative impact on the environment and people’s 
health [12-15]. Furthermore, by substituting GP binders for cement, energy connected with cement manufacture may be saved, as well 
as CO% emissions created by carbonate incineration [16-18]. 

RM waste (bauxite residue) formed by the aluminum industry as a result of the Bayer process for extracting alumina (Al203) from 
bauxite ore, which involves treating bauxite ore with a solution of sodium hydroxide [19-21]. The production of RM is estimated to be 
between 1.5 and 2.5 tonnes per tonne of Al203, depending on the source and effectiveness of the extraction procedure [22,23]. The 
majority of these pollutants are either dumped on lands or discharged into the ocean after they have been neutralized [24-26]. Owing 
to its large alkalinity and cation exchange capability, RM storage consumes a large amount of area and poses a major hazard to the soil, 
environment, and water [27]. The leaching of toxic substances from RM can damage soil and poison groundwater. Therefore, safe 
disposal and complete exploitation of RM become critical concerns for the Al2O3 sector, given the industry’s massive resource con- 
sumption and substantial environmental difficulties. p. 

Although the material’s extremely alkaline nature precludes reuse, it finds successful application in GP technologies due to the 
inclusion of SiO2 and Al203 in addition to NagO [28-31]. Recycling and reuse are viable options for treating RM in order to minimize 
adverse impacts on the environment while being economically viable [32].? 

The dangers associated with RM dumping encourage the efficient use of RM in building materials/civil application areas. It is used 
in the manufacture of clinker [17,33,34], hollow/foamed bricks [14,24,35], paving blocks [36], RM as clay ppPsubstitute for fired brick 
production [37,38], red mud bricks [39], ? partial substitution of pPpcement [40,41], specific cement [42], lightweight aggregate 
[43-46], specific cement [42], as a binder or additive in concrete and mortars [47,48], ceramic pptiles [49-51], and as packings in 
polymer composites [52—56].? 


2. Production of bauxite, alumina (Al2O;?), and RM 


Bauxite is one of the most significant naturally occurring sources for making aluminum, Paccounting for approximately 97°% of the 
aluminum produced globally [57]. Bauxite is a natural ore that is composed mostly of aluminum hydroxide minerals like diaspore 
pP(a-AlO(OH)), boehmite (c-AlO(OH)), and gibbsite (aluminum hydroxide) [58]. Additionally, bauxite pincludes impurities like he- 
matite (a-Fe203), quartz (SiO2P), kaolinite (AlgSi205(OH)4), and panatase/rutile (TiO2) [58]. 

Due to the mineral content of bauxite deposits varying, many aluminum manufacturing processes Pphave been developed, 
comprising the Bayer process, the sintering process, and a combination pBayer-sintering process. In Fig. 1, the proposed process’s 
streamlined flow diagram is compared Pto those of the Bayer and sinter processes. The Bayer process consists of digestion and leaching 
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Fig. 1. Simplified flow diagrams of aluminum manufacturing processes ?[63]. 
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pthe ores with a hot alkali solution and precipitating aluminum hydroxide from super-saturated paluminate leachate utilizing 
aluminum hydroxide seeding particles [59]. The residual Pcaustic liquor is reduced by evaporation and returned to the mining 
Pprocess, as illustrated in Fig. 1- A. The sintering process entails sintering the ores with calcium oxide pand sodium carbonate at 
temperatures greater than 1000 f°C, leaching the sinter pvolume with crystallizing aluminum hydroxide and water (or dilute sodium 
hydroxide solution) using CO2, Pcapitalizing the spent green liquor via evaporation, and making the rounds the concentrate to the 
pnext sinter stage, as illustrated in Fig. 1-B. The combined Bayer-sintering process (proposed Pprocesses) is a created methodology 
based on the regular Bayer process with the objective of palleviating the problem of excessive SiOz? concentration in certain bauxite 
ores. As illustrated in PFig. 1-C, this process began with a typical Bayer caustic leaching of the high-SiO2? bauxite. The PRM-containing 
sodium aluminum silicates were then sintering, accompanied by a water fleaching procedure to recover soda and Al2OsP [60,61]. 
While the sintering process is more efficient pthan the Bayer process for low-grade diaspore ores, its high energy consumption renders 
it costly pin comparison to the Bayer process, and its ecological cost has been a major concern. P. 

With technological innovations, the need for bauxite production has expanded dramatically in relation to world Al utilization, 
resulting in a vast creation of bauxite residue, commonly known fas RM. Table 1 summarizes worldwide bauxite output from 1970 to 
2019. Př. 

Power, Gräfe and Klauber [62] predicted yearly RM production at 120 M.t and a global stockpile pof more than 2.65 B.t in 2007. 
Depending on yearly Al2O3? production statistics pdepicted in Figs. 2 and 3 from 1998 to 2015, it may be deduced that RM output 
increased Poverall. Knowing that 2-3 tonnes of bauxite are required to generate 1 tonne of Al2O3? in the Bayer fprocess, the quantity of 
RM generated may be calculated by applying an average ratio of Pf? 1.5 to Al2O3? production statistics [62], which results in roughly 
170 M.t of RM Pproduced globally in 2015. The volume of RM generated annually in various countries is pshown in Fig. 4. 


3. Distribution and classification and of bauxite ores p? 


Bauxite is an aluminum ore that is well identified as a key source of aluminum [70,71]. It is often Pcomposed of a variety of 
minerals, including (aluminum hydroxide), diaspore (a-AlO(OH)), and boehmite pp(y-AlO(OH))P blended with the goethite, kaolinite, 
hematite, and slight quantities of ? ilmenite p?(FeTiO3 or FeO.TiO2) and anatase (TiO2) [72]. These bauxite ores have highly Pdistinct 
crystal forms. According to its structure, bauxite ore is classed as gibbsitic, diasporic, or Pboehmitic [65,73]. Table 2 and Fig. 5 
Pillustrate the various forms of bauxite found in various countries. p. 


4. Environmental impacts of RM 


Owing to the increased alkali content of RM, it is classified as toxic waste, constituting threats pto the environment in the situation 
of improper disposal [73,78]. RM pis often dumped at RM ponds, bauxite residue dumpsites [79-82], and abandoned p bauxite mines as 
dried or semi-dry materials [83,84]. The majority of RM is stored in open-air dams, Pwhich not only consume enormous amounts of 
fertile land but also lead to air and penvironmental fpollution through alkali leakages into groundwater, storage instabilities, and 
Pfugitive dust emissions [85,86]. 

The high amount of free Na+ in RM precludes the formation of coordination bonds with Pnegatively charged surfaces or the 
formation of additional stable hydration layers. It results in the production of a white surface of precipitating chloride on the residue’s 
surfaces [87], as well as the disintegration of the bauxite residues particles, which results in the fprecipitating of highly alkaline 
sodium-based salts [88]. Na2CO3, soda ash, Pnahcolite (NaHCO3), and trona (Na2CO3. NaHCO3-2H20) are examples of effloresced 
metals pthat have an adverse influence on the natural environment and human health [87,89,90]. The presence of effloresced minerals 
restricts the utilization of RM in building by decreasing the Plifetime and durability of the material owing to crumbling and delam- 
ination. Also has an impact fon the attractive appearance of construction materials containing RM [91,92]. 


Table 1 

Worldwide bauxite production from 1970 to 2019 [64]. 
Country Production Year (thousand metric tonnes?) 

1970 1980 1990 2000 2010 2016 2017 2018 2019 

China 510 1750 3650 7950 36,830 66,150 68,390 68,390 68,410 
Australia 9255 27,180 41,390 53,800 68,530 83,515 89,420 96,545 105,310 
Brazil 500 4630 9750 14,380 32,030 39,245 38,120 32,005 32,005 
Guinea 2610 13,910 16,150 17,990 17,630 32,425 51,700 59,575 63,230 
Indonesia 1220 1249 1164 1151 27,410 1458 4400 10,500 10,500 
India 1370 1780 4850 7560 12,660 24,220 22,775 23,230 26,050 
Russia NA NA NA 5000 5470 5430 5525 5655 5570 
Jamaica 12,015 1198 10,960 11,125 8545 8545 8240 9965 9000 
Kazakhstan 990 NA NA 37,730 5315 4800 4845 6105 3810 
Saudi Arabia 6 NA NA NA NA 4465 3705 4325 4325 
Guyana 3210 3050 1420 2690 1080 1480 1460 1925 2005 
Vietnam NA NA NA 16 80 1500 2700 3600 3600 
Sierra Leone 450 670 1140 NA 1050 1370 1790 1940 2000 
Others NA NA NA 13,540 121,560 15,350 10,960 9230 9700 
World 5725 93,270 115,010 138,890 228,800 289,970 314,040 332,985 345,535 
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Fig. 2. Annual Al-Os? production worldwide [65]. 
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Fig. 3. Country distribution of AlzOsP production pfor 2015 [65]. 


Moreover, elevated sodium contents have been linked to plant development inhibition in soils ppolluted with RM. Also, RM leaking 
in aquatic environments degrades macroinvertebrate (communities and reduces the penetration of light into the water column 
[93-95]. The pelevated pH caused by RM pollution also hinders ammonia excretion in species of fish, resulting Pin ammonia storage 
and toxicity [96-100]. As a result, RM pollution impacts Pseveral trophic levels, having a significant impact on ecological biodiversity. 
The hazards pinvolved with RM storage were demonstrated in 2010 when a containment wall collapsed in pAjka, Hungary. When 
approximately 1 million m? of bauxite residual slurry pspilled out and inundated the adjacent land, a catastrophic ecological catas- 
trophe ensued. PNumerous human lives have been lost, and the surface waters and great swaths of land have been Ppoisoned [101]. 

Apart from RM pollution of soils and waters, strong winds and dry weather accelerate dust pemissions from bauxite residue 
dumpsites [88,102]. Pollution sources emissions pose a Pserious health danger in dry and warmer climates owing to the inhalation of 
caustic chemicals. PAlkaline dust can induce throat and nose irritation, respiratory tract infections, and serious lung Pdisorders with 
prolonged exposure [101]. The threats posed by RM were fPdepicted in Fig. 6. 
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Fig. 4. The production of some countries for RM on an annual basis66-69]? |.P 


Table 2 

Forms of bauxite ores in various regions PP [66,74]. 
Categorization Country Refs. 
Gibbsitic Australia, India, Ghana, Brazil, Jamaica, Guyana, Sierra Leone, Malaysia, Suriname, Guinea, Indonesia and Venezuela [75,76] 
Diasporic Greece, China, Romania, and Turkey 
Boehmitic Hungary, and Guinea 


5. Economic impacts of disposal of RM 


Safe RM disposal is also economically challenging; it takes a significant amount of land: proughly 1 km? every five years for a 1 
million ton/year Al-Os? factory [33], Pimplying significant expenditures for the AlzOs? production industries. Additionally, 
RM-covered soil cannot be used for building or agriculture, even after the RM has dried [103]. The cost of safely disposing of RM is 
approximately 2ł% of the overall AlzO3? Pcost [33], but some reports claim 5?% of the aluminum production value [104,105]. 

The average cost of Al2O3? in China, as per Shanghai Metal Market, is roughly 405 $/ton of pAl2OsP (Shanghai metal market), which 
is somewhat less than the $ 440 stated by Sutar, Mishra, Sahoo and Maharana [67]. When one deems that RM disposal costs represent 
approximately 2ł% of the value of Pproduction [33] and the average price of AlzO3?, the RM disposal cost is roughly 10 $ per ton, 
which tends to make it prohibitively expensive and thus a financial strain on pboth aluminum manufacturing corporations and 
governments. The cost of properly disposing of PRM in various countries is shown in Table 3. 

The approach to overcoming ecological issues associated with RM disposal is the pdevelopment of consumption technologies 
capable of consuming a considerable amount of red pmud or converting it to a secondary resource [67,106]. P Concrete is pone of the 
composites that can consume large quantities of this RM by recycling it. Thus, preducing the environmental and economic burden to 
disposal of RM. One approach to recycling PRM in concrete is to use it as a raw material to prepare the GP. What makes RM a strong 
pcandidate to be exploited with GPs is that it is highly alkaline and contains falumino-silicate P's as indicated in the next paragraphs of 
this study.’ 


6. Physical, chemical, and mineral properties of RM 


RM is often gray-white to red in color, based on the quantity of iron oxide present. The melting Ppoint, density, and bulk density of 
RM are between 1100 and 1500 P°C, 2700-2950 PKg/m, and 750-1000 Kg/m?, respectively [14,44,107-109]. RM has a pH in pthe 
range of between 10 and 12.5, which is extremely alkaline. The liquid index of RM is 1.32-pp1.56 and the plasticity index is 17.2-30.5 
(110,111). 

The particle size distribution of RM is extremely fine. For example, Kumar and Kumar [36] used a laser particle size analyzer to 
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Fig. 5. A diagrammatic illustration of the categorization of bauxite ore [77]. 


Fig. 6. Threats posed by RM. 


determine the grain size distribution of red mud. Researchers discovered that the particle diameters X10, X50, and Xoo of RM were 0.37, 
1.57, and 56.88 um, respectively, and that its particle size was significantly smaller and distribution was narrower than that of fly ash 
used in concrete. pThe specific surface area of RM is around 12-59 pm?/g, and the grain diameter ranges between 0.005 and 0.075 mm, 
with a porosity ratio psubstantially larger than that of ordinary soil [74,110,112]. As a result, RM exhibits excellent adsorption 
properties and is well suited for application fas an adsorbent for heavy metals. For practical uses, the majority of study has focused on 


a 
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Table 3 
Costs associated with the safe disposal of RM in certain countries [66]. 
Country RM production (M.t)/year Safe disposal cost (million $)/year 
Greece 0.71 7.2 
India 4.71 47.2 
Brazil 10.5 107 
Australia 30 302 
China 89 885 


the pgrain size and fineness of RM as a substitute for natural powder material. Fig. 7 shows the pdifference in the particle size dis- 
tribution between RM and materials used in concrete such as slag, fly ash, and metakaolin. While Fig. 8 shows a comparison of the 
particles size distribution of RM in pthe Bayer process and sintering process. Although the majority of minerals in RM are liberated, 
pvarious mineral particles prefer to stick to one another due to the ultra-fine particle size, resulting Pin a significant agglomeration 
occurrence among particles and the formation of aggregate-f particles composed of various mineral particles [113]. 

Moreover, as a basic feature, the microstructure of RM has been extensively described using p SEM, as illustrated in Fig. 9. Imaging 
indicates that RM is pmade of small particles ranging in size from a few to hundreds of microns. The varied forms of ? red dirt include 
spherical and flaky particles [114]. To compare with the mineral filler plimestone powder, the specific surface area and pore size 
distribution of RM were evaluated. PIt is demonstrated that the surface area of RM was obviously greater than that of limestone 
Ppowder at comparable particle size ratios. RM’s porous character and large specific surface parea lead to its adsorption capacity and 
interfacial adhesion behaviors. p. 

Al2O3, Fe203, TiO2, SiO2?, Na20, CaO, MgO, and K320 are the major chemical ingredients of PRM as shown in Fig. 10. Additionally, 
RM is frequently radioactive due to the presence of rare Pearth metals and trace amounts of uranium, thorium, and other radioactive 
elements [75,110,115-119]. Owing to regional variations in raw fPresources, AlzOs? manufacturing procedures, and technical ad- 
vancements, the chemical composition of RM differs. The estimated chemical compositions of RM generated by the Bayer, sintering, 
and combination processes are presented in Table 4. In comparison to sintering RM, Bayer RM has a lower calcium and Psilicon 
concentration and a greater Al, Fe, and Na concentration. As shown in Table 4, the high piron RM is often Bayer RM. The worldwide 
high-iron RM’s composition is analytically Pevaluated, as listed in Table 5. 

The mineralogy of RM is complicated. In sintering RM, the major mineral stages include Ptricalcium aluminate, dicalcium silicate 
calcite, perovskite, and a trace of scattered iron-containing Pminerals and clay alumino-silicate p minerals [37]. Regardless, there are 
primarily pare goethite (-FeO (OH)), hematite (Fe203), sodalite (Na20Al203 1.688Si02°1-73H20), opal P? (SiO2? nH20), nepheline 
(3NaAlSiO, sodium hydroxide), rutile and anatase (TiO2), gibbsite (aluminum hydroxide) [74,112,120]. 


7. RM applications 


RM is created and is kept in the area where Bayer’s process for recovering AlzOs? from Pbauxite ore is carried out. Nevertheless, 
recovery procedures often entail transporting RM pto recovery units, such as those used in iron manufacturing, which will certainly 
raise expenses. PAs a result, procedures for using bauxite that may be implemented locally close to the bauxite Pproduction plant are 
ideal. Additionally, the recovery of metal values via pyrometallurgical mechanisms typically requires a large amount of energy. As a 
result, some ‘green’, ecologically Pfriendly, and economically viable processes are required to recognize these values in RM. pThe 
process for developing such a comprehensive consumption of RM is represented in Fig. /?11. The process involves a comprehensive 
characterization and selection of utilization processes, pupon which a comprehensive utilization strategy is developed. By employing 
such a sophisticated method of RM use, valuable metals are recovered while also acquiring significant materials such as aluminum, 
iron, and alkali in the same processes, hence reducing expenses and waste. PAdditionally, approaches for utilizing the residues can be 
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Fig. 7. Particle size distribution of RM, FA, and metakaolin [36,138]. 
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Fig. 8. Comparison of the particles size distribution of RM in the Bayer process and sintering Pprocess [126]. 


Fig. 9. SEM images of RM [139]. 


integrated into the process.? 

Because of the many risks of environmental pollution connected with the direct disposal of RM Pinto the ecosystem, significant 
efforts have been made over the last few years to economically preuse this waste. From 1964-2018, Figs. 12 and 13 depict the patent 
distribution and other fresearch efforts on RM usage in various fields. Amongst these, RM has been widely used as a praw material in 
buildings, catalysts, wastewater treatment, and adsorbents. For instance, PHINDALCO, the world’s largest aluminum producer, 
decided to commit to substituting RM pfor the mined mineral used in cement clinker, aiming to consume 2.5 M.t annually from pthe 
4.5 M.t of by-product generated in its 3 refineries [141]. 


8. Geopolymer 


A GP is an amorphous alkali-alumino-silicate ? binder generated by reacting a source material composed almost entirely of Al203 
and SiO? (for example, metakaolin) with an palkaline medium (mostly alkali hydroxide/silicate) [144,145]. Once oversaturation is 
Pattained, the raw material dissolves in an alkaline solution, generating Si and Al molecules that pproduce gels. Subsequent 
restructuring and poly-condensation result in the creation of a stiff pthree-dimensional network composed of Sift O4 and Al?+ O4 
tetrahedrons linked by oxygen Pbridges [146-150]. Alkali metal cations equalize the charge of Al?*. Fig. 14 shows pin simplified form 


S.M.A. Qaidi et al. Case Studies in Construction Materials 16 (2022) e00994 


H= Hematite G = Goethite © FeO(OH) 
H S = Sodalite Q = Quartz O Fe203 
2 C =Concrenite M = Mullite 5 B Na2Al3CSi3015 
Z O H 4 AI(OH)3 
= H o 
D a | 
ss | Q 
g ba i yi i or Ho G H 
F SADA AD A a S N IAN A A ü 
© Red mud | 
2 o | | 
3B j | o 
g | t | 9 o | 
= | 
wl iy Lp Wil we 
: Vial ay Wh 
a 
Angle, 29 10 15 20 25 30 35 40 45 50 55 60! 
Fig. 10. Mineral components of RM [36,140]. 
Table 4 
Chemical compositions of RM generated by the Bayer, sintering, and combination Pprocesses p? (wt%) [121]. 
RM Composition Bayer RM Sintering RM Combination RM 
Al203 12-22 4-7 5.5-7.5 
Fe203 35-65 6-10 6.2-7.5 
CaO 3-9 45-49 43.8-46.8 
SiO2? 4-20 22-23 20.2-20.5 
K20 = 0.3-0.4 0.4-0.7 
MgO - 1.3-1.6 z 
Na20 3-10 2.5-2.5 2.7-3.0 
TiO2 0.2-10 2.6-3.0 6.2-7.7 
LOI 12-16 7-10 = 
Table 5 
Chemical composition of RM by country. 
Country Chemical composition (wt%) p Refs 
Fe203 Al203 TiO2 SiO2? Na20 CaO 
America 55.5 12.10 4.6 4.55 5.2 - 75] 
Australia 36.25 17.15 3.95 23.85 1.65 3.95 122] 
60.1 15.1 5.1 5.1 16.1 - 123] 
Brazil 45.5 15.2 4.25 15.5 7.0 1.16 124] 
China 31.25 18.50 6.20 8.30 3.25 18.1 125] 
36.45 25.10 6.05 16.90 12.25 L55 126] 
Germany 44.9 16.2 12.33 5.4 5.22 4 124] 
Greece 45.57 15.66 7.08 6.95 3.25 14.85 127] 
India 54.85 14.85 3.75 6.45 4.85 2.55 122] 
38.85 17.27 18.85 9.65 6.85 - 128] 
36.25 16.60 17.15 8.30 6.1 1.45 129] 
51.05 17.55 3.25 8.66 8.04 1.66 130] 
Indonesia 50.3 24.1 2.8 20.4 - 0.4 131] 
Italy 35.3 20.1 11.7 9.3 7.6 6.6 132] 
Jamaica 49.4 13.3 7.4 3.1 4.1 9.3 122] 
45.35 18.85 6.45 4.35 1.55 3.15 133] 
Russia 49.8 12.7 4.66 8.8 3.4 9.4 134] 
Spain 37.1 12.1 20.05 9.2 5.2 6.05 135] 
Turkey 36.95 20.35 4.97 15.77 10.05 2.24 136] 
UK 46.01 20.05 5.1 20.1 8.5 1.5 1371] 


the geopolymerisation process. RM is very alkaline and composed of falumino-silicate ps, making it an ideal source for the creation of 
GPs.~ 

RM has been successfully employed as a GP binder in conjunction with a variety of ? different mineral compounds, such as FA, rice 
husk ash, slag, municipal solid pwaste, metakaolin, arsenic sludge, and coal gangue [151-155]. This review paper emphasizes the 
properties of GPs composed of RM and slag. The next sections describe the many fcharacteristics impacting RM-FAGP, including 
workability and setting time?, mechanical characteristics, thermal behavior, microstructure, and durability. p. 
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Fig. 11. Scheme of the development process for the full consumption of RM [142]. 


Fig. 12. RM application. 


9. Properties of red mud-slag geopolymer 
9.1. Fresh properties 


Lemougna, Wang, Tang and Cui [157] and Bayat, Hassani and Yousefi [158] reported an improvement in the setting ptime of the 
GP and AA binder as the RM concentration rose, indicating that the RM operated as fa retardant in the GP composites. The specimens 
with no RM had the shortest initial and final Psetting times. Bayat, Hassani and Yousefi [158] noticed that all specimens, except those 
comprising RM Pcalcination temperature at 750 p°C, had a much wider spread diameter than the OPC specimen. The pPsamples con- 
taining RM that had been calcined at 750 P°C was the only one that had a lower spread pPdiameter than the OPC specimen, which was 
little affected by time. As the RM concentration of p the mixture increased, the quick loss of consistency reduced resulting in a decrease 
in free pcalcium from slag. Consistency reduction was minimal in the samples with 40% RM. Hence, the Pinclusion of RM helped to 
decrease slump decline and stabilized the paste during the early pblending hours. The AA slag-based sample exhibited the largest slump 
value, which reduced as RM Prose and cohesiveness increased. 

Zhang, Li, Li, Liu and Gao [159] observed a decrease in the fluidity of the RM-slag paste as the particles Psize of RM increased, as 
illustrated in Fig. 15. The specimens with the largest bulk particle size had pthe greatest fluidity, which was attributed to the superior 
particle size distribution in the GP Ppaste. Bayat, Hassani and Yousefi [158] observed that as RM was added, the efflux time increased, 
resulting in a decrease in fluidity. p. 
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Fig. 13. RM utilization rate in various applications for the period from 1964 to 2018 [143]. 
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Fig. 14. Simplified geopolymerisation process [156]. 


9.2. Setting time 


The ratios of silica/alumina, liquid/solid, and Na20/Al203 of the GP composites all had an effect pon the setting time of RM-GP.P 

The setting time of an RM-SGP produced by Lemougna, Wang, Tang and Cui [157] was observed to be increased by Pup to 75% 
when the proportion of RM was raised as shown in Fig. 16. Although the setting time Prose as the proportion of RM increased, the initial 
and final setting times were only 56 and 147 Pminutes, respectively, when 75% RM was used in an RM-SGP. Due to RM’s lower 
reactivity than slag, it serves to retard the hardening process as the RM concentration increases and works as a [setting time retardant 
in RM-SGP.P 

Pan, Li, Yu and Yang [160] investigated the setting characteristics of alkali-slag-red mud cement-based material PPp(ASRC) in 
comparison to OPC 525. Initial and final setting ptimes for a cement-based material containing 30% RM were determined to be 63 and 
96 min, Prespectively. The ASRC material is set faster than 525 OPC. Therefore, the introduction RM-GP pcombination prolonged the 
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Fig. 15. Fluidity of RM-SGP: (a) RM-43; (b) RM-30; (c) RM-20; (d) RM-13; (e) RM-7 [159]. 
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Fig. 16. Setting time of RM-SGP at 25 °C [157]. 
setting time. p. 
9.3. Water absorption 


The water absorption of the specimens synthesized with AA slag and RM increased as the RM fconcentration increased, achieving 
values larger than those of the OPC specimens. Besides this, pas shown in Fig. 17, the investigators Kang and Kwon [140] observed an 
increase in the Pmoisture absorption coefficient as the amount of RM increased. Hyeok-Jung, Kang and Choe [161] observed Pthat 
increasing the RM inclusion improved the optimal moisture content, leading to a drop in the phighest dry unit weight. p Moreover, 
Singh, Aswath and Ranganath [162] conducted a water absorption experiment on the produced geopolymer bricks. The author 
discovered that increasing the RM concentration from 10% to 30% enhanced water absorption by 5%. When the RM content of the 
brick was raised from 30% to 50%, the increase in water absorption was more evident. Increased water absorption occurred not just as 
a result of the reaction with oxides, but also as a result of the looser matrix. 


9.4. Mechanical properties 


9.4.1. Impact of AA sols 

Alkali hydroxides and alkali silicates seem to be the most often employed AAs in geopolymerisation procedures [53]. KOH or 
sodium hydroxide, as well as K2SiO3 or Na2SiO3, are Pcommonly accessible and are utilized to make GPs. Si and Al ions are actively 
Pdissolved from the alumino-silicate precursors in an alkaline medium. ?. 

Pan, Li, Yu and Yang [160] created an ASRC that is composed of 30% RM and 70% slag and is activated pwith solid water glass (8% 
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Fig. 17. Water absorption coefficient in binder POPC (C) and AA slag cement (NC) [140]. 
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weight of binder) and sodium aluminate clinker (6% weight of binder). They evaluated the ASRC material’s strength characteristics 
and resistance to the chemical Pattacks in comparison to a 525 OPC. The ASRC pmaterial’s strength development was observed to be 
equivalent to that of OPC. After curing for P?28-days, the ASRC materials obtained a higher compressive strength of 57 MPa. Flexural 
strength improved to a high of 9 MPa after curing for 28 days. Additionally, the materials had pa low density, greater water required, a 
faster setting time, and resistance to carbonation, corrosion, and freeze-thaw cycles when comparison to OPC. 

Lemougna, Wang, Tang and Cui [157] utilized solid sodium silicate and sodium hydroxide sol to produce an RM-PSGP material in 
25:75, 50:50, and 75:25 mixture proportions of slag and RM for use in plightweight and mortars materials. Compressive strength of the 
GP in 50:50 mixtures increased from p?66-86 MPa under ambient temperature conditions when the silica modulus of the activator sol 
pincreased from 1.65 to an optimal value of 2, as shown in Fig. 18. Further than the optimal value, a Pdecline in the strength of up to 
61 MPa was observed. This is due to an overabundance of silicate finhibiting water evaporation and also creates the GP chain to 
disintegrate into separate monomers, Plowering its strength. Moreover, Lin, Dai, Li and Sha [163] have developed high-performance, 
low-cost injectable materials from red mud, granular pfurnace slag (GBFS), and Class F fly ash to offer an ecologically responsible 
alternative to pconventional grouting materials. Sodium hydroxide was utilized as an alkaline activator at Pconcentrations ranging 
from 4% to 12%. The authors reported that the best mechanical property Pwas obtained with a 6% NaOH solution concentration. 
However, it leaked a significant amount pof water throughout the solidification process, compromising the slurry’s stability and 
pumping Peffectiveness. When the concentration of NaOH solution is increased to 12%, the compressive pstrength increases only 
slightly from 3 to 28 days. It is shown that the excessively strong alkali penvironment inhibited compressive strength increase. As a 
result, the authors discovered that an Pp?8% content of NaOH solution is best.P 


9.4.2. Impact of curing temperature and curing time 

Pan, Li, Yu and Yang [160] reported a rising pattern in both the compressive and bending strengths of PASRC following 180 
curing-days.p 

Lemougna, Wang, Tang and Cui [157] showed that an RM-SGP containing up to 50% RM can obtain compressive strengths of 
50-60 MPa following 7-days of cure at 25 °C. When the proportion of RM was Praised to 75%, a significant fall in 7 days strength to 
11 MPa was observed. After ?28-days of Pcuring, the compressive strength of an RM-SGP containing 75% RM increased to 30 MPa. 
Hence, pwhen RM is utilized in excess of 50%, a longer curing period of up to 728 days is necessary to Pproduce a compressive strength 
of roughly 30 Mpa, as shown in Fig. 19. Furthermore, the Pcompressive strength of the GP was shown to be affected by curing tem- 
peratures ranging from pP20-65 p°Cr. A GP content up to 50% RM demonstrated the highest strength of 86 MPa at 45 pr°Cp, 
whereupon the strength dropped. When RM content was risen to 75%, curing at a ptemperature of 45 °C was observed to be unde- 
sirable for compressive strength. However, when ? glass powder was substituted by 25% RM, the compressive strength increased with 
increased curing ptime and reaches a maximum value of 15 MPa after 3-days when cured at 65 °C. The material’s ??'7-day strength was 
determined to be 16 MPa, 19 MPa, and 21 MPa after curing at 65 7°Cp for 1-7, 2-, and 3-days, respectively, continued by curing at 25 
p°Cp for 7-days. p. 


9.4.3. Impact of molar ratios of chemical compounds 
Alkalinity (M20/H20) and silicate ratio or SiOz? modulus (SiO2?/M20), where M=sodium, potassium, or calcium, are critical 
characteristics that aid in the geopolymerisation procedure. By praising the alkalinity (i.e., the M20 /H20 proportion), the dissolving or 
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Fig. 18. Influence of the modulus of the activating sol on the 7 and ?28-days compressive strength fof GPs from 50% slag and 50% RM, cured at 25 
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Fig. 19. Impact of temperature on the 7 and ?28-days compressive strength of GPs from slag and Pslag/RM [157]. 


leaching of solid alumino-?silicate molecules in an alkaline medium is accelerated. Likewise, raising the SiOz? /M2O ratio Pcatalyzes 
the geopolymerisation processes and results in increased strength characteristics [164].P 

Compressive strength increased with increasing silica modulus from 1.3 to 1.7 for RM-SGP but pthereafter dropped. The expla- 
nation for this was that an overabundance of silica inhibits the Pinteractions of tetrahedral monomers, hence preventing the production 
of cyclic silicate molecules p? [165]. 

Lemougna, Wang, Tang and Cui [157] included slag into a 50:50 mix ratio of red mud GP and reported a strength fimprovement 
from 66 MPa to 86 MPa under ambient curing conditions with a boos tin PSiO2/M20 from 1.65 to 2.0. At an optimal silica modulus of 
2, a lower SiO02/M20 facilitates Pquicker reactivity during the early hydration phases resulting in higher strength. p. 

Moreover, Singh, Aswath and Ranganath [28] utilized industrial wastes like fly ash and slag/micro-silica with sodium silicate 
pPsolution and NaOH flakes for the pmechanical activation of red mud. Slag by 10% wt. was used Pras an additive to geopolymer 
subjected to curing at ambient condition, whereas micro silica by pp?10% wt. was used for those geopolymer subjected to thermal 
curing. The compressive strength of pP?fred mud-fly ash geo-polymer with 30% red mud and 10% addition of slag, cured at ambient 
PPcondition, decreased with the pincreasing amount of NaOH solution from 6M to 10 M. pPMaximum compressive strength of 
40.5 MPa at 6 M NaOH concentration [was obtained. While ppthermally cured geopolymer samples with 10% addition of micro-silica 
required a higher NaOH PPconcentration pof 12 M to achieve a maximum compressive strength of 38 MPa.p 
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Fig. 20. Compressive strength of the binders versus the RM calcination temperature [165]. 
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9.4.4. Impact of NaOH/Na2SiO3 ratio 

In general, a blend of alkali silicate and alkali hydroxide is recommended for GP production, mostly to offset the disadvantages of 
alkali hydroxide activating. Alkali hydroxide activators are fcaustic in origin and produce enormous quantities of heat when alumino - 
silicate minerals are Pdissolved. Hence, in addition to NazSiO3z, NaOH is frequently utilized in varied weight Pproportions for AA, which 
enhances the interaction between alkali sol and ingredients.’ 

Cheng, Long, Zhang, Gao, Yu, Mei, Zhang, Guo and Chen [166] produced a slag-based cementitious material (SRCM) that was 
activated with Na2SiO3 and NaOH. Investigators used a NaOH: Na2SiO3 proportion of 1:3 for SRCM composed of 70% slag and 30% 
RM, which pfavored alumina dissolving and resulted in improved efficiency and outstanding compressive fstrength of around 
16.7 MPa after f28-days.? 


9.4.5. Impact of calcination temperature 

Owing to the reduced reaction of RM in its natural condition, it is often employed following ? thermal pre-treatment or calcination 
at high temperatures for several hours. Calcination leads to activation of Si and Al molecules in RM and increases the efficiency with 
which Al2O3 and PSiOzP dissolve in an alkaline medium, resulting in higher compressive strength. At various Ptemperature levels 
throughout calcination, the Ca, Al, and Fe-rich crystal stages found in RM pundergo phase transition via dehydration, dihydroxylation, 
and carbonation. At varying Pptemperatures, crystallized mineral stages disintegrate into new phases like sodium aluminum fsilicate, 
solid Al203, alkali-rich nepheline, gehlenite crystalline phase, and other ambiguous forms [167]. Calcination with or without alkali 
was shown to be highly efficient in increasing the reactivity of raw RM and generating more amorphous and glassy stages. p. 

Ye, Yang, Ke, Zhu, Li, Xiang, Wang, Li and Xiao [165] investigated the impact of calcination temperature on the compressive 
strength of a PGP composed of GBFS and RM in a weight ratio of 5:5. Compressive strength increased from pp18-49 MPa as the 
temperature was increased from 100 to 800 P°C?, as shown in Fig. 20. p Thermal treatment or calcination at a variety of temperatures 
alters the minerals stages present in PRM, resulting in the creation of new phases with increased solubility in an alkaline condition. 
pCalcination of RM increased the solubility of alumino-silicates for active dissolving in alkaline fsol, resulting in increased geo- 
polymerisation. Calcination at 800 °C? was determined to be the pmost efficient strategy for dissolving alumino-silicates and pro- 
ducing maximal compressive [strength. p. 


9.4.6. Impact of plasticizer 

Zhang, Li, Li, Liu and Gao [159] investigated the workability and mechanical characteristics of RM-SGP grout fsubstance using a 
variety of super-plasticizers, including polycarboxylate łł? (SPC), aliphatic (SPA), and naphthalene-based super-plasticizers (SPN). 
SPC was shown to be ppmore stable in an alkali sol pthan SPA and SPN. With the introduction of super-plasticizers at PPvarious 
water/binder Pproportions, the fluidity of the GP grouting substance pimproved. SPA and ¿SPN demonstrated fgood performance in 
terms of increasing compressive strength and pworkability? while psimultaneously decreasing the water/binder proportions. SPC 
pdemonstrated Ppoor stability and phad a detrimental influence on the grout material’s compressive Pstrength. p. 


9.4.7. Particle size fraction 

Furthermore, the particle size fraction had an impact on the mechanical characteristics of the PGP composed of RM. Both coarser 
and finer RM geopolymers exhibited Psuperior mechanical characteristics [159]. Therefore, particle sizes may be classified according 
to pdesirable characteristics. The improved mechanical performance is due to the increased dissolving Presponse of Sif" and Al** by 
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Fig. 21. Impact of various gypsums on the mechanical properties of RM-based grout paste (horizontal pline in the figure is the compressive strength 
of control group) [168]. 
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fine particles and the micro aggregate packing impact of coarser Pparticles. As RM becomes finer, the Al203, SiO2?, and CaO con- 
centrations drop fdramatically, while the NagO and Fe2O3 concentrations slightly increase. Compressive strength Pwas initially 
lowered and subsequently enhanced when the particle size percentage of RM Prose. 


9.4.8. Impact of additives 

Li, Zhang, Li, Gao, Liu and Qi [168] studied the influence of incorporating several kinds of gypsum, including gypsum- dihydrate 
(NG), phospho-gypsum (PG), and flue gas desulfurization (FGD) gypsum, into RM-Pslag grout paste at various ratios, as shown in 
Fig. 21. The compressive strength of RM-slag p grout after 3 and ~28-days was found to be greatly increased with the addition of FGD 
and NG. PThere was no substantial increase in mechanical strength when RM-slag grout was mixed with Pphosphor-gypsum. p. 


9.4.9. Impact of binder/fine Agg ratio 

Lemougna, Wang, Tang and Cui [157] produced a GP mortar using a slag-RM system. The compressive strength of mortar cured at 
20 °C for P28 days was shown to decrease pwith a rise in sand concentration for all mixtures including 25%, 50%, and 75% RM as 
presented Pin Fig. 22. The insufficient interface connection between the GP matrix and the sand particles is pthe primary explanation 
for the compressive strength loss of the RM-SGP mortar. Nevertheless, the strength of the mortar was significantly affected by the 
concentration of slag at a content of Pup to 75%. Moreover, the possibility of using RM-SGP mortar in construction applications, 
Pparticularly for low-cost constructions, was highlighted. PMoreover, Singh, Aswath and Ranganath [162] synthesized geopolymer 
bricks using fly ash, red mud, and sand partially preplaced pby GBFS.f Binder to aggregate ratios of 1:1 and 1:2 was considered. The 
sand was replaced by GBFS in 0, 20, P? 30%, 40% and 50%. The dry and wet Pcompressive strength of ?>geopolymer bricks with 10, 30 
and p?50% red mud was found to be reduced with increasing binder pto paggregate ratio. The maximum fdry and wet compressive 
strength for geopolymer brick without ?GBFS were 11.1 MPa and 9.5 pMPa Prespectively obtained at 1:1 binder to aggregate ratio and 
pP30% red mud content. PGeopolymer brick with 50% RM as a binder and p?50% GBFS as aggregate pshowed a higher Pstrength of 
15.5 MPa at a 1:1 binder to aggregate ratio. The geopolymer Pcomposite mortar was prepared fusing red mud, GGBS, and refuse 
mudstone Pwith standard sand as Pthe aggregate achieved a Phigher strength of 23.86 MPa at a binder to the aggregate ratio of 1:1, 
while prefusing mudstone and falkali activator as the varying parameter. 


9.5. Adsorption of heavy metals on the surface of the binders 


Chen, Guo, Ding, Zhang, Xia, Wang and Zhou [169] investigated the adsorption rate of GPs to adsorption heavy metal ions. f'As 
shown in Fig. 23, the red dots in the spectrum scanning zone signified the adsorb of heavy pmetals (includes Pb, Cu, Cr, and Cd), 
whereas the gray dots indicated zero adsorption of heavy fmetals. As illustrated in Fig. 23, the ordering of adsorption capability for 
heavy metal ions was POPC-pervious concrete followed by GGBFS-GP-pervious concrete and RM-GP-pervious Pconcrete. Besides, it 
was observed that the adsorption of heavy metal ions occurred primarily on fthe C-S-H gels. Moreover, heavy metal adsorption 
capability on the RM-GGBFS-based binder pwas in the sequence Crt <Cu?'< Cd?'< Pb?*. These findings indicated that the 
RM-GBFS-?based binder might be utilized to build pervious concrete for prospective usage as a water filter. p. 


9.6. Drying shrinkage 


According to Bayat, Hassani and Yousefi [158], Bayat, Hassani and Azami [170], the values of drying shrinkage for specimens 
pwith 10% and 20% RM were 4.3 and 3.9 times larger than those for OPC specimens, Prespectively. The specimens 30% RM and 40% 
heat-treated RM increased by 10% in Pcomparison to the sample that contains 0% RM. In comparison, as shown in Fig. 24, the drying 
pshrinkage of a sample containing 40% heat-treated RM (at 750 °C) was reduced by 10% [34]. Lemougna, Wang, Tang and Cui [157] 
observed a significant increase in the drying shrinkage of GPs as the PRM concentration increased. Drying shrinkage was slowed early 
on with the introduction of RM. fThe introduction of RM at a concentration of up to 25% had no impact on the drying shrinkage 
pvalues. In comparison, considerable shrinkage occurred in samples that contain 75% RM. PAlthough the shrinkage of the 28-day-- 
cured specimens was greater than the shrinkage of the POPC specimens, the inclusion of sand should reduce the drying shrinkage 
value, since sand does fnot shrink. p. 


9.7. Thermal properties 


Generally, geopolymers have better thermal stability and thermal insulation compared to Pfconventional building materials. 
pGeopolymers exhibit the least thermal expansion, lower thermal pfconductivity, and lower mass losses at higher temperatures than 
pof ordinary Portland cement pp? [171] and natural hydraulic lime-based mortar [172]. The thermal conductivity of geopolymer 
ppurely based on red mud was found to be 1.2035 W/m.K, Pwhich is lower relative to OPC with a ppthermal conductivity value of 
1.206 [173]. The higher thermal conductivity of red mud Pgeopolymer was due to the high iron content Pin RM. The pblending of red 
mud with RHA in a p?50:50 mix ratio resulted in the decrease in thermal Pconductivity value from 1.2035 to pp0.4842 PW/m.K. 
Ternary blended geopolymer containing red pmud, RHA and diatomaceous earth showed Pbetter thermal properties in terms of 
thermal expansion at a temperature of 950 °C, pwhereas Pcement paste cannot withstand Psuch a higher temperature as it may get 
damaged or Pbroken. The pthermal conductivity of alkali-activated slag-red mud composite was found to be 2.36% lower Pthan that pof 
cementitious composite, while pthermal conductivity increased with the increase in pred mud fPcontent from 0% to 20% and later 
decreased [170].~ 
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Fig. 22. ?28-days compressive strength of RM-SGP composites cured at 25 f°C [157]. 
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Fig. 23. Binder piece coated aggregate with EDS showing metal deposition after adsorption [169]. 


According to Bayat, Hassani and Yousefi [158], when the RM concentration grew from 0% to 40%, the pspecific heat raised from 
815 J/(kg °C) to 860 J/(kg °C) as shown in Fig. 25. The thermal Pconductivity of the AA binder samples without RM was found to be 
10% less than that of the POPC samples. Nevertheless, thermal conductivity increased with a rise in RM inclusion, pwhich was 
attributable to the increased dosage of metal components such as Ti, Fe, and Al and in pPthe paste area. p. 


9.8. Microstructural properties 


9.8.1. XRD 

Krivenko, Kovalchuk, Pasko, Croymans, Hult, Lutter, Vandevenne, Schreurs and Schroeyers [174] investigated the X-ray phase 
diffraction patterns of RM-slag AA Pbinders produced with sodium metasilicate and discovered the minerals lawsonite and kli- 
no-Pferrosilite. When the RM GGBS concentration was raised from 50% to 70%, the structure development process was retarded, 
implying that RM was only partially involved in the phydration of cement mechanisms. This result was made because the peaks of the 
raw RM Pspecimens were also apparent in binders containing 30% RM and were more prominent when the PRM concentration has 
risen to 50%. According to Bayat, Hassani and Azami [170], the sole Pcrystallized molecule found in RM but not in the AA binder 
mixture was katoite, which had a ppeak centered around 13. The katoite in the sol was dissolved by the inclusion of an PAA, which 
increased the pH of the mixture to 13.5. silicate and aluminum generated Pfrom the slag surfaces ought to have interacted with the 
calcium dissolved from the surface to Pproduce more C-A-S-H gel. Zhang, Li, Li, Liu and Gao [159] reported that irrespective of the 
particle Pcontent of RM, all specimen’s XRD analysis revealed the same phase composition, shown in Fig. 26.? Moreover, according to 
Singh, Aswath and Ranganath [28], SEM images of unprocessed RM revealed clusters of hematite crystals forming agglomerates with 
diameters ranging from 1 to 5 m. In comparison, powdered RM samples lacked huge cohesive lumps. Transmission electron micro- 
scopy (TEM) pictures revealed that following pulverization, the crystal diameters of the phases in RM reduced. The pulverized sample 
exhibited an increased d spacing between the two crystalline planes as determined by high-resolution transmission electron 
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Fig. 24. Drying shrinkage of AA slag R and OPC concretes versus time [170]. 
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Fig. 26. XRD analysis of RM-GP with different RM fractions. (B-Calcite, C-Cancrinite, E-?Sodalite, H-Hematite, S-Calcium silicate hydrate, Z-Un- 
named zeolite) [159]. 


microscopy (HRTEM). The ions were brighter, suggesting that their crystallinity had increased. The SAED imaging findings revealed an 
increase in the crystallinity of a few phases in the treated RM, which was verified to be hematite using HRTEM and XRD. The sample 
without RM included a few unreacted FA particles, which were significantly decreased in the sample with 10% RM. This was due to the 
increased degree of geopolymerisation caused by the addition of RM. Meanwhile, the sample containing 30% RM and a 10 M activator 
exhibited a thick matrix with some unreacted particles. p. 


9.8.2. SEM 

Chen, Guo, Ding, Zhang, Xia, Wang and Zhou [169] investigated the SEM images of OPC, GGBS-GP, and RM-GGBS-GP. p Although 
the RM-GGBS-GP was as dense as the GGBS-GP, the former exhibited minor flaws fowing to un-reacted RM. The previous concrete or 
binder’s ability to adsorb heavy metal ions got fgreater as the RM concentration rose. The reduction in mechanical strength observed 
as RM Pconcentration increases were attributed to the rise in 2 stages. The first stage consisted of fine Pcircular particles less than 4 um 
in diameter. The EDS analysis of this location revealed a Psignificant iron content, confirming the existence of hematite. The EDX 
analysis of the second Pregion revealed a larger content of Si, Ca, O, Al, and Na, indicating un-reacted slag, fresulting in a nonuniform 
GP microstructure and a decrease in the gel/space ratio [158,170]. 

Zhang, Li, Li, Liu and Gao [159] investigated the shape of hydration products with varying RM fpercentages, as illustrated in 
Fig. 27. Due to the significant dissolving rates of Al? and Si**, PGP specimens comprising smaller particles of RM exhibited a compact 
microstructure. PFurthermore, the production of Na+ was enhanced in the finer particles that acted as a charging Pbalancer in [A104]. 
The SEM-EDS examination of the produced hydration products revealed pthat the zone depicted was entirely composed of C-N-S-A-H 
gels of varying crystallization and Pstructure. p. 


9.9. Life cycle assessment? 


Before claiming a procedure is sustainable or environmentally friendly, it is necessary to Pconduct a life cycle evaluation to 
determine the possible ecological impact of proposed Pvalorization methods and products. 

Jamieson, McLellan, Van Riessen and Nikraz [175] evaluated in comparison the embodied energies of Bayer liquor- derivative PGPs 
and OPC utilizing available studies and industry data. A concrete blend design using pP17?% binders (i.e., 9.3% FA, 3.9% wasted 
liquor, 0.2% lime, and 3.6% SiO2P Pfume) and 50% coarse and 33% sand particles were contrasted to a normal concrete mixture Pwith 
17ł% OPC and the same volume of aggregates. Alternative additions, like plasticizers, were ruled out owing to their low environ- 
mental impacts. Furthermore, it was believed that the plogistic parameters for OPC and GP manufacture are the same. The power 
calculations for Pconventional OPC concrete comprised the extraction of raw resources, the whole manufacturing Pprocess, and 
concrete manufacture. The more complicated computation for the Bayer- derivatized PGP concretes included the manufacture of 
sodium hydroxide, bauxite extraction, and pAlzOsP with hydrate synthesis, as well as treatment, and equaled 3.55 GJ/t. The power 
inputs of pordinary Portland concrete were almost 3 times that of liquid GP concrete, at 1.01 GJ/t. When only fthe binder was 
considered, the embodied energy of the RM-derivatized GP was less than a Pquarter of that of the OPC binders. The reality that the 
liquor is deemed a toxic waste reduces pits embodied energy to zero (because the impurities loads must be eliminated to maintain the 
pAl2OspP character), resulting in even reduced embodied powers of roughly 0.28 Gt/J for the PGP binder. p. 

Jamieson, Penna, Van Riessen and Nikraz [176] have computed the energy inputs of a Bayer liquor activated GP Paggregates from 
fly ash (in a 50:50 blend with sand) to be 0.24 GJ/t, which is comparable to the penergy inputs of other aggregates like gravel (0.3 
GJ/t).P 


20 


S.M.A. Qaidi et al. Case Studies in Construction Materials 16 (2022) e00994 


“dinredcted pars ele. 


S 


019 WD re 9 mag olHV HPW pressure — 
18PM 11.9mm 2500x 30.00kV 166ym 1.00E-3 Pa t SPM 14.3mm 2500x 30.00kV 166m 3.95E-4 Pa 


“Fracture: 


mag oO} HV 
11.7mm 2000x 30.00kV 207m 2.97E-4 Pa 


2 Ges se am 
Unreacteg:particle  \° 
ore RY S ae 


mag o HV 
Amm 2500x 30.00kV 166pm 4. 


Fig. 27. SEM images of RM-SGP with different RM fractions [159]. 


In general, the influence of the production of the AA and alternate activators for AA materials is a significant issue to consider. 
Besides, the usage of spent Bayer liquor, RM slurry filtrate, and RM slurry [177-179]. 


9.10. Naturally occurring radioactive material (NORM) 
Another critical factor to evaluate is the NORM Pconcentration of RM, which has an impact on its suitability for usage in con- 
struction materials. Although NORM concentrations in RM are generally considered to be low [180,181], variances exist based on the 


source of the bauxite and the treatment Pfactors. The investigations of Nuccetelli, Pontikes, Leonardi and Trevisi [182], and 
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Schroeyers, Sas, Bator, Trevisi, Nuccetelli, Leonardi, Schreurs and Kovacs [183] provide a Pcomprehensive analysis of the NORM 
content of various RMs globally (2018). p. 

Two major concerns correlated with the accumulation of naturally occurring radio-nuclides in RM fare direct radon inhalation and 
external exposure to gamma radiation [184]. To assess pthe potential application of RM-containing AA materials, the impact of the 
content of naturally occurring radio-nuclides in the goods should be determined, for example, utilizing gamma spectroscopic and 
compared to regulatory criteria. For example, the European Union’s most Pcurrent directive on the maximum permissible concen- 
tration of NORM in construction materials [185] is based on the computation of the activity concentration indexes (according to ACI) 
as a gamma fdose estimating method utilizing observed activity contents of ?°Ra, ?3?Th, and *°K. If the PACI value is less than the 
parameter of 1, the material can be utilized for construction purposes P without being radioactive. If the ACI of the RM-containing AA 
materials surpasses 1, a detailed ?dosimetry analysis must be performed to ensure that the gamma dosage stays less than 1 mSv/y. 
pBecause RM is included in the indicative listing of construction materials evaluated in terms of pgamma radiation that is emitted 
[185], it must also meet with the ACI when used as a Pstructural construction material element on its own. The yearly average 
concentration level of pe?2Rn in a room should be less than 300 Bq/m? for radon [185]. The quantities of naturally poccurring 
radio-nuclides in FAs used in construction materials in the European Union’s p Member States are depicted in Fig. 28. While Table 6 
summarizes the natural radionuclide of PRM in a number of member states of the European and other nations. p. 

The investigation by Krivenko, Kovalchuk, Pasko, Croymans, Hult, Lutter, Vandevenne, Schreurs and Schroeyers [174] included an 
evaluation of NORMs in alkaline pcementitious materials and concretes containing up to 90?% RM from Ukraine. From the 23817 Pset, 
the majority of radioactive elements were discovered at substantially greater quantities in RM fthan in the utilized OPC and sand, 
however, with the exception of 2!°Pb, all transuranic pelements were detected at somewhat elevated concentrations in blast furnace 
slag (BFS) than in RM. For the p?°”Th series, the converse is true, with RM exhibiting significantly greater activity levels than pBES, 
OPC, and sand. In comparison to RM, *°K quantities were greater in OPC, BFS, Pand sand. All types of cement and concretes had 
activity quantities below the applicable statutory limits for general and occupational exposures. p. 

Croymans, Schroeyers, Krivenko, Kovalchuk, Pasko, Hult, Marissens, Lutter and Schreurs [186] determined the activity concen- 
trations of the 232TH, 23807, and 40K pseries in AA concrete containing up to 90% Ukrainian RM. We estimated quantity pindexes for 
public exposure produced by the utilize of concretes in construction materials, roadways, and playgrounds, as well as workers 
exposed for construction practitioners. While the concentration level indicators for public exposure rose as the RM concentration 
rises, even the phighest RM levels fell below the critical threshold of 1. The workers exposed to construction Pprojects employees 
surpassed the dosage of 0.3 mSa™! when concretes comprising more than 75 wt% PRM were used, however, the effective dose for 
highway construction workers was less than this pthreshold even when concretes comprising 90 wt% RM were used. p. 

In general, all researchers concur that radioisotope concentration should be determined on an Pindividual level, depending upon 
the nature of RM employed and the intended usage of RM-based fproducts. ?. 


10. Conclusions 


In this review paper, the use of PRM with slag to produce geopolymer composites is specifically pP? pointed out. The conclusions 
drawn are as follows: 


1. This study emphasizes utilizing a variety of methods and materials to efficiently Pemploy RM as ??GP precursors. Moreover, RM 
geopolymer composites have Psignificant potential for use as a ppbuilding material? 


Fig. 28. Concentrations of naturally occurring radio-nuclides in FAs used in construction materials in the European Union’s Member States [182]. 
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Table 6 
Natural radioactivity (Bq kg’) of RM in some countries [182]. 
Country zeai 226Ra 40K Refs. 
Australia 1128 325 30 187] 
1355 + 35 310 + 20 350 + 20 188] 
China 421 + 40 225 + 16 164 +15 189] 
705 476 154 190] 
413 + 40 350 + 20 584 + 46 189] 
555 +55 477 + 25 400 + 33 189] 
437 + 45 370 + 23 506 + 40 189] 
Brazil 350 + 18 138 + 45 +1.8 191] 
Germany 184 123 - 192] 
Greece 344 + 34 233 + 46 45 +13 193] 
473 + 24 379 + 43 21+11 194] 
Hungary 400 255 - 195] 
265 300 - 195] 
284 348 49 196] 
Turkey 538 +19 21047 114 +8 197] 
Italy 119 98 16 198] 
Jamaica 350 1047 336 199] 
329 375 265 199] 
2. The utilization of RM for geopolymerisation addressed the need for an alternate method of pPproperly disposing of RM, hence 


13. 


14. 


decreasing its negative impact on the environment. PpFurthermore, the expensive expense of the alkali activator solution was 
avoided by using RM due ffto its high NaOH content. ? 


. The GP specimens made with RM demonstrated excellent heavy metal adsorption. Moreover, it PP was discovered that the heavy 


metals were stable in the GPs produced, implying that GPs had a ppbeneficial impact on the ecosystem. p 


. The study of the influence of heat autoclave and treatment curing on GP specimens with varying Pfcuring regimes revealed 


excellent findings. ? 


. The use of calcined RM or alkali-thermally activated RM increased the amorphous structure of pp the RM particles, which aided 


in the production of GP gels. p? 


. The low reactivity of pure RM and its low SiO2/Al203 ratio (often less than 2) are the key pPparameters preventing RM from 


being used effectively in geopolymerisation. As a result, RM P?must be combined with other alumino-silicate minerals that have 
a greater SiO2/Al203 ratio. p 


. All techniques of RM pre-activation, including alkali-thermal pre-treatment, calcination, Pp?mechanical co-grinding, and fine 


grinding or pulverization, resulted in improved mechanical and pPmicrostructure characteristics of the RM-GP. p? 


. When GP specimens are prepared using RM derived by flue gas desulfurization, a different AA pPis required than when GP 


specimens are prepared using raw RM? 


. Because the residual NaOH content of RM in relation to percent Na2O ranges between 3 and 20.3 prr%, it can be employed as a 


NaOH/AA source in geopolymerisation, thus lowering the cost of GP ppmanufacturing. 


. The remaining sodium hydroxide in RM eliminates or significantly lowers the Pfneed for sodium hydroxide activator, 


permitting for acceptable strength to be achieved with pPsodium silicate sol as the sole AA. p 


. The optimal AA content is determined by a number of criteria, including the type of the pporiginal source, chemical properties, 


pH, and Si02/Na20 and SiO2/Al203 ratios. It is not pPessential for the strength of an RM-GP to rise proportionally with the 
alkaline content. Typically, PP? RM-GPs include a NazSiO3:NaOH ratio of 2.5-3. p 


. For applications requiring low strength, ambient curing on an RM-GP may be preferable. For pPimproved durability and early- 


age strength, heat curing at temperatures between 60 and 80 °C ppmay be beneficial. p 

Regarding radioisotopes, most researchers concur that radioisotope concentration should be determined on an ppindividual 
level, depending upon the nature of RM employed and the intended usage of RM-based products. p? 

On the other hand, regarding life cycle assessment, the influence of the production of the AA and alternate activators for AA 
materials is Pa significant issue to consider. Besides, the usage of spent Bayer liquor, RM slurry filtrate, and PRM slurry. 


11. Recommendations ? 


Although the application of RM in building materials appears to be quite viable, significant issues pPremain for industrial appli- 
cation of GP produced utilizing RM, as follows: p. 


1. There is a requirement to standardize the water/solid ratio in an attempt to implement it more pPPaccessible. p? 

2. Due to the fact that the characteristics of RM vary depending on their source, treatment pPtechnique, and other parameters, it is 
difficult to generalize the GP characteristics produced. p 

3. Although the involvement of iron in the RM-GP formation has been highlighted, it requires more PPstudy. p 

4. Appropriate code standards are critical for applying diverse RM-GP applications. p 
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5. Further study is required into the corrosion of steel reinforcement, bonding behavior, and PPstructural behavior of reinforced RM- 
GP materials. P 

6. Comprehensive research is required to enhance the physical and chemical characteristics of RM and ppGP by incorporating ad- 
ditives and optimizing the porous structure, such as Alccofine, nano silica, microfibers, quartz powder, bio-additives, epoxy-based 
composite, and nano-materials that have ppbeen successfully used in other forms of GP composites. p? 

7. Additional studies on the structural and durability characteristics of RM and GP are required p? before they may be used to remodel 
structures and precast products. ? 
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